Trophic interactions between sharks and other marine vertebrates are represented by both indirect and direct evidence from the fossil record. Indirect evidence includes such traces as shark tooth marks and gouges on the bones of prey, such as fish, reptiles, whales, dolphins, and seals. Direct evidence is represented by the presence of shark teeth in definite association with prey species. In this paper, we report direct evidence for trophic interactions between a white shark (Carcharodon sp.) and a mysticete whale from the lower Pliocene (ϳ4-5 Ma) Pisco Formation of Peru: a partial mandible of an unidentified mysticete whale with a partial tooth of a white shark embedded within the cortical bone. Modern white sharks are known predators of many marine mammal species, and both active hunting and scavenging have been well documented. In this instance, we interpret this specimen to represent a scavenging event. This fossil is unusual because it represents a seldom-reported event that preserves direct evidence of trophic interactions.
INTRODUCTION
Neoselachian sharks are represented most commonly in the fossil record by unassociated teeth. In fact, shark teeth are one of the most abundant vertebrate fossils in the geologic record (Hubbell, 1996) . Less commonly, other fossil shark remains are recovered that include preserved cartilage, coprolites, gastric residues, and indirect evidence of predation or scavenging. The scarcity of these types of specimens corresponds to the low probability of uncalcified tissues and trace fossils being preserved. Most evidence of shark predation and scavenging from the fossil record consists of tooth scrapes and gouges on bones (Deméré and Cerutti, 1982; Cigala-Fulgosi, 1990; Noriega et al., 2007) . Very rarely are shark teeth or portions of teeth found embedded in, or in direct association with, the prey species (Repenning and Packard, 1990; Schwimmer et al., 1997; Shimada and Everhart, 2004; Shimada and Hooks, 2004) .
In this report, we describe a partial mysticete whale mandible that contains an embedded partial white shark (Carcharodon sp.) tooth and associated scrape marks. The specimen was collected from the upper Miocene to upper Pliocene Pisco Formation of southern Peru, an area well known for both its abundance of marine fossils and the exceptional preservation of articulated skeletons (Muizon and DeVries, 1985; Pilleri and Siber, 1989; Bouetel and Muizon, 2006) . This unique preservational environment is exceptional because it allowed us to infer more about the paleoecology of the assemblage than is possible at many other shallow marine localities. The site where the specimen was found has produced numerous complete whale skeletons and one of the most complete specimens of a fossil white shark ever found (Muizon and DeVries, 1985; Ehret et al., 2009 ). In addition, this is the first report of a fossil white shark tooth embedded within the bone of its prey. Previous reports of * Corresponding author.
fossil white shark feeding behavior include possible predation of an extinct bottle-nosed dolphin from Italy (Cigala-Fulgosi, 1990 ), scavenging of a cetotheriid whale from California (Deméré and Cerutti, 1982) , and scavenging of a balaenopterid whale in Argentina (Noriega et al., 2007) .
LOCALITY AND STRATIGRAPHY
The Pisco Formation of southern Peru (Fig. 1 ) represents a series of marine transgressive and regressive cycles deposited in a forearc basin along 350 km of coastline from Pisco to Yauca (Muizon and DeVries, 1985; Bouetel and Muizon, 2006; Ehret et al., 2009 ). These rocks range in age from late Miocene to late Pliocene, or ϳ10-4 Ma. The outcrops are discontinuous throughout the region, and the formation is not fully exposed at any single site. The stratigraphy, therefore, is a composite section based on numerous separate localities (Fig. 2) . The deposits consist of tuffaceous sandy siltstone, medium-to coarse-grained sandstone, shelly sandstone with some bedded tuff, conglomerate, and coquina (Muizon and Devries, 1985) . Muizon and Devries (1985) concluded that the Pisco Formation represents nearshore, intertidal, and lagoonal depositional environments during higher sea levels, based on the sequence, lithology, and structure of the deposits.
The specimen was collected on 13 August 2007, from an area known as Sud-Sacaco West (15Њ 3Ј 21Љ S, 74Њ 4Ј 48Љ W). This locality is characterized by a fossil zone, referred to as SAS by Muizon and Devries (1985) , that extends from ϳ21 to 43 m above the base of the local measured section and represents the interval from which this specimen was collected (Ehret et al., 2009) . A diverse shallow-water marine invertebrate fauna also present in the SAS supports the interpretation that the deposits represent barrier bar and lagoonal settings. Sud-Sacaco West is thought to be early Pliocene in age (4-5 Ma), based on correlations to an overlying section (Sacaco) with an associated K-Ar tuff date of 3.9 Ma, and younger than the Miocene based on biostratigraphy (Muizon and DeVries, 1985; DeVries and Schrader, 1997; Ehret et al., 2009) .
In addition to sharks and mysticete whales, marine vertebrate fossils in the Pisco Formation include rays, teleosts, chelonians, crocodilians, sea birds, seals, and an aquatic sloth (Hoffstetter, 1968; Muizon and DeVries, 1985; Muizon et al., 2002; Muizon et al., 2004) . The relative abundance of species, however, is difficult to deduce due to mostly nonsystematic collecting practices. Of the lamniform species, there is a good representation of lamnid and otodontid sharks. Carcharocles megalodon and Isurus hastalis are abundant in the lower part of the formation (late Miocene), whereas C. megalodon and Carcharodon sp. occur in the upper part of the formation (early Pliocene) (Muizon and DeVries, 1985; Ehret et al., 2009 ). The upper Pisco Formation correlates approximately to the contemporaneous, mostly shallow-water marine fauna of the Yorktown Formation of North Carolina (Purdy et al., 2001) , as well as the marginal marine Palmetto fauna of the Upper Bone Valley Formation in Florida (Morgan, 1994) mysticete whale with an embedded partial tooth crown from a lamnid shark (Fig. 3) . The tooth crown can be referred to a white shark (Carcharodon sp.) based on overall morphology and the presence of weak serrations (Ehret et al., 2009) .
The cetacean mandible is 183.0 mm long and slightly convex. The dorsal side of the bone has a vestigial alveolar groove present that is 111.1 mm long and 7.9 mm wide. This groove tapers off roughly threequarters of the way down the bone. This fossil represents the left labial portion of the mandible based on the convex shape of the bone and the direction that the vestigial alveolar groove tapers. There are several small foramina parallel to this groove, the largest of which is ϳ2.0 mm in diameter. MUSM 1470 potentially could be referred to one of two species of mysticete whales currently recognized from Sud-Sacaco West. The first is the cetotheriid whale, Piscobalaena nana, which is a small, baleenbearing mysticete (Pilleri and Siber, 1989; Bouetel and Muizon, 2006) . The second is an undescribed balaenopterid referred to as Balaenoptera sp. (Pilleri and Siber, 1989; Bouetel and Muizon, 2006) . We cannot be positive as to which species it represents due to the fragmentary nature of the specimen.
The crown is broken off in the cortical bone of the whale mandible. The apex, or tip, of the tooth is visible on the reverse side, within the marrow cavity. The tooth is situated ϳ44.0 mm from the dorsal surface and 29.4 mm from the ventral surface of the bone. The labial side of the tooth is situated parallel to the dorsal surface of the mandible and the lingual surface of the tooth parallel to the ventral surface of the bone. The tooth fragment measures 26.4 mm from the apex to the highest portion of enameloid preserved. Weak serrations are developed on the labial side of the bone, whereas the apex of the tooth has a smooth edge-a characteristic of this white shark (Muizon and Devries, 1985; Ehret et al., 2009) . When the tooth is removed from the bone, weak serrations are visible on both cutting surfaces (Fig. 3) . The tooth has been broken on an angle, so that the broken edge is flush with the surface of the bone. The medial edge is longer and contains 17 serrations, whereas the lateral edge is shorter and has 11 serrations. The number of serrations per millimeter is also consistent with that of the Carcharodon sp. specimen described from Sud-Sacaco West (Ehret et al., 2009 ). The exact tooth position in the jaws of Carcharodon cannot be positively identified due to the fragmentary nature of the specimen. The tooth is most likely a lateral tooth based on its size and curvature, however.
FOSSIL WHITE SHARK INTERACTIONS
In addition to the tooth crown, there are two other tooth marks on the bone. One appears anterior, and the other posterior, to the partial crown. Both marks appear as shallow grooves across the labial surface of the bone (Fig. 3) . They are Ͻ1 mm deep and do not have any visible serration marks. The anterior mark is 59.4 mm long and runs at an angle of 35Њ across the bone. The posterior mark is punctuated by a small pit, 4.5 mm long that leads into a shallow groove that extends for 42.6 mm and continues off the edge of the specimen at a 40Њ angle.
DISCUSSION
Numerous isolated cases of predation and scavenging by sharks have been documented in the literature. Prey items including sea turtles, mosasaurs, bony fishes, cetaceans, a desmostylian, and even a dinosaur have been recorded (Deméré and Cerutti, 1982; Cigala-Fulgosi, 1990; Repenning and Packard, 1990; Schwimmer et al., 1997; Shimada and Everhart, 2004; Shimada and Hooks, 2004; Noriega et al., 2007) . These reports, however, are only a small fraction of all of the shark-bitten materials in collections that have not been identified or described. Most studies focus only on extraordinary examples of predation or instances in which the shark or prey species can be identified. While these reports do give some insight into the paleoecology of fossil species, it is difficult to ascertain what would be considered normal prey items. In contrast, there are very few studies that have examined the paleoecology of sharks based on the feeding evidence from a given locality (Purdy, 1996; Aguilera and Aguilera, 2004) .
In MUSM 1470, the characteristics of the tooth are consistent with those of Carcharodon sp. The only other shark species with large, serrated teeth found at Sud-Sacaco West is Carcharocles megalodon. There is no doubt, however, that this tooth represents a white shark based on the serration pattern, thickness, and size of the tooth. An articulated specimen of Carcharodon sp., UF 226255, was collected only a few hundred meters from MUSM 1470 in 1988 and includes a nearly complete dentition (Ehret et al., 2009) . Documenting the co-occurrence and interactions between this species and other marine organisms in the Pisco Formation is significant to the paleoecological community.
The diet of modern white sharks (Carcharodon carcharias) has been studied extensively (e.g., McCosker, 1985; . A dietary shift in trophic levels has been documented from juveniles to adults that can be traced through the use of nitrogen and carbon isotopes (Kerr et al., 2006) . Juvenile white sharks are mainly piscivorous with a shift to marine mammals as they reach maturity. This shift is most likely tied to changes in morphology, energetic requirements, and size of predator and prey (Tricas and McCosker, 1984) . Adult white sharks will actively pursue pinnipeds, whereas attacks on live cetaceans are extremely rare . When feeding on pinnipeds, a bite-and-spit behavior is employed, which typically results in a fatal injury. The shark then waits for the individual to die before eating the carcass (Tricas and McCosker, 1984; . In other feeding modes, white sharks typically scavenge cetacean carcasses, stripping off layers of blubber Curtis et al., 2006; Dicken, 2008) .
It is extremely difficult to separate acts of predation from those of PALAIOS EHRET ET AL. scavenging in the fossil record. Active predation could be identified by bone growth or healing around a wound (Schwimmer et al., 1997; Shimada and Hooks, 2004) . In contrast, bite marks that do not show signs of healing could be related to either predation, which resulted in death, or scavenging (Cigala-Fulgosi, 1990; Shimada and Hooks, 2004) . As stated previously, modern white sharks very rarely attack live cetaceans. In those rare instances when predation has occurred, the sharks targeted the back or side of the body with no bite marks in the cranial region . In MUSM 1470, the partial tooth crown is positioned with the lingual surface parallel to the dorsal surface of the mandible and the labial surface parallel to the ventral surface of the mandible. The shark would have bitten the mandible ventrally based on the orientation of the bite mark. The nature of the fossil record makes it difficult to discriminate if this trophic interaction was an act of predation or scavenging, but in light of previous discussions, MUSM 1470 is interpreted to represent a scavenging event.
Recent observations of feeding behaviors in modern juvenile white sharks support our hypothesis. Dicken (2008) witnessed young of the year and juvenile white sharks preferentially biting and feeding around the mouth region of a deceased humpback whale (Megaptera novaeangliae). The whale carcass had inverted and was floating due to gas build up during decomposition (Noriega et al., 2007; Dicken, 2008) . The carcass remained in that state for over one month, during which time numerous white sharks fed on the carcass. This report is the first case of juvenile white sharks feeding on a whale carcass, and the first documentation of preferential feeding in and around the mouth region. While we cannot precisely ascertain the total length of the fossil white shark from our specimen, it seems to represent a juvenile or young adult. We, thus, postulate similarities in feeding behavior with modern white shark analogs.
CONCLUSIONS
MUSM 1470 represents a scavenging event by a fossil Carcharodon sp. on a mysticete whale, based on the feeding observations of modern white sharks. Documenting the trophic interactions between this large predatory shark and a cetacean elucidates the paleoecology of southern coastal Peru during the Pliocene. Reconstructing the life histories of fossil sharks is often hampered by the incomplete preservation of their cartilaginous skeletons. Interpreting paleoecological information from isolated teeth is extremely difficult, and even with indirect evidence of feeding, the exact interactions between species can be difficult to ascertain. When such specimens as MUSM 1470 are discovered, they provide almost unique opportunities to advance knowledge about trophic dynamics within ancient ecosystems.
